Soybean phospholipids are known to exhibit antioxidant effects on oils and fats. However, few studies have examined their antioxidant effects in vivo. In this study, we investigated the influence of dietary soybean phospholipids on fish fillet oxidation. For 4 weeks, we fed rainbow trout diets containing 0, 1.0, or 2.5% soybean phospholipids, of which the lipid content was adjusted with soybean oil. We compared oxidation stability in fillets after the feeding period. In the fillet of fish fed the soybean phospholipidcontaining diets, the thiobarbituric acid reactive substance (TBARS) level following an oxidation test was significantly inhibited compared to that in the fillet of fish fed a soybean oil-containing diet. Similarly, the syntheses of malondialdehyde (MDA) and 4-hydroxyalkenals (HAE) were significantly inhibited. These results suggest that the administration of soybean phospholipids improves the storage stability of fish fillet.
Introduction
Approximately 150,000 to 160,000 t of phospholipids are annually utilized in global food, industrial, and feed production (Krawczyk, 1996) . Vegetable lecithin, which mainly consists of soybean phospholipids, is produced during the manufacturing of vegetable oil (Krawczyk, 1996; Schneider, 2006) . However, even the most frequently utilized soybean phospholipids are consumed at a rate of only 1/3 to half of the total extracted phospholipids, as estimated from soybean oil production (Szuhaj, 1983) . Furthermore, surplus phospholipids may further increase in the future, particularly for the increasing production of bio diesel fuel (BDF). Because the phosphorus content of vegetable oil must be decreased to approximately 10 ppm or less (Schneider, 2006) . For these reasons, it is important to clarify phospholipid function and develop new usage methods, promoting the effective utilization of vegetable sources (Koh and Sono, 2001) .
As a functional activity, soybean phospholipids are known to exhibit antioxidant effects on oils and fats (Kashima et al., 1991; Hamilton et al., 1998) . However, most studies have reported ex vivo antioxidant effects. Thus, in this study, we investigated the influence of soybean phospholipids on oxidation in vivo.
In particular, fish contains a large amount of n-3 polyunsaturated fatty acids (PUFA), and lipid oxidation progresses even in a refrigerator (Undeland et al., 1999) . Therefore, techniques for improving storage stability should be developed. In addition, oxidation of fish is more rapid than that of beef, pork, or chicken, and can be evaluated in a short experimental period. Therefore, fish fillet is useful for evaluating the oxidation stability of muscle foods (Decker et al., 2005) . In this study, we fed rainbow trout diets containing soybean phospholipids or soybean oil for 4 weeks. In addition, we conducted an oxidation test using fish fillet after feeding, and compared its oxidation stability by measuring thiobarbituric acid reactive substance (TBARS) levels.
Material and Methods
Fish and feeding experiment The experimental diets were prepared by supplementation of a commercial diet (Masu Impact; Hayashikane Sangyo Co., Ltd. Shimonoseki, Japan) with 5% lipids, and stored at -20°C until use. The experimental diets contained the following (g/100 g): protein, 45.8; lipids, 11.7; fiber, 0.6; ash, 12.0; other, 20.6 . The control diets, PL-1, and PL-2.5 groups were supplemented with 0, 1.0, and 2.5 g/100 g soybean phospholipids (LP-20B; Nisshin OilliO Group Ltd., Tokyo, Japan) and 5, 4, and 2.5 g/100 g soybean oil (LP-20B; Nisshin OilliO Group Ltd.). The supplemented soybean phospholipid classes are shown in Table 1 . The total fatty acid composition and tocopherol contents of each experimental diet are shown in Tables 2 and  3. Juvenile rainbow trout (Onchorhynchus mykiss) purchased from a local seed supplier were used for the feeding experiment. At the start of the feeding experiment, a total of 90 fish (each weighing 3.3 ± 0.1 g on average) were divided into three groups (30 fish per group) and placed in three 100-L polycarbonate circulation tanks. Fish were fed each of the experimental diets three times a day at a rate of 4% of the wet body weight per day by hand for 4 weeks. The average water temperature during the trial was 18.0 ± 0.7 °C. The water flow rate in the rearing tanks was maintained at 5 L/ min. After the feeding experiment, the fish were used for biological and biochemical analyses and oxidation tests. At the end of the feeding period, all fish were anesthetized by packing in crushed ice. After measuring the whole body weight, fish were decapitated, gutted, eviscerated, and filleted on one side. The intraperitoneal tissues were exposed and the liver was weighed. The dissected tissues were immediately frozen at -80°C. The excised fillet was used for biochemical analyses and the fillet on the other side was used for the oxidation tests.
Oxidation tests The oxidation tests were designed by modification of the method of Rey et al. (2001) . The fillets were cut and adjusted to a weight of 1.0 ± 0.1 g (approximately 1.5 cm square). The adjusted fillets were put on 4-cm 2 polycarbonate trays and covered with plastic wrap (Saranwrap; Asahi Kasei Life & Living Co., Tokyo, Japan) in order to prevent the fillets from drying. These samples were oxidized by incubation at 4 ± 0.5 °C under fluorescent light (3600 lux) for 3 days (72 h). All samples were placed on circle on a rotating round board (28 cm in diameter). The position of individual samples on the rotating board was strictly standardized for the oxidation period. The extent of lipid oxidation of fillets was measured both before and after the oxidation period.
Biochemical analyses Total lipids of fillets were extracted by the method of Folch et al. (1957) . Lipid phosphorus was determined by the method of the Japan Oil Chemists' Society (2003), and phospholipids in each fillet were estimated as lipid phosphorus x 25.4. For fatty acid analyses, the lipids were methylated with methanolic sulfuric acid. These lipids with fatty acid compositions (total, TAG, and PL) were determined by gas-liquid chromatography (6898 series; Agilent Technologies, Santa Clara, CA, USA) with a capillary column (OMEGAWAX320; Supelco, Bellefonte, PA, USA).
TBARS were measured by a modified procedure of Uchiyama and Mihara (1978) , where 0.67% thiobarbituric acid aqueous solution was used and antioxidant (butylated hydroxytoluene, at a final concentration of 0.01%) was added to the sample during blending. TBARS were expressed as nmol of malondialdehyde per gram of fillet. Malondialdehyde (MDA) and 4-hydroxyalkenal (HAE) concentrations were determined using a commercially available lipid hydroperoxide assay kit (BIOXYTECH LPO-586; Oxis International, Inc., Foster City, CA, USA) according to the manufacturer' s instructions. Tocopherol concentrations were measured by a modified procedure of Huang and Shaw (1994) . Analyses were carried out by HPLC (YMC-Pack SIL A-012 column, YMC Co., Ltd., Kyoto, Japan; F1100 Fluorescence Spectrophotometer, Hitachi High-Technologies Corporation, Tokyo, Japan). The eluting solvent was hexane: isopropyl alcohol (100 : 0.5) at flow rate of 2 mL/min.
Statistical analysis Data are expressed as the mean ± SEM. Significant differences between the groups were determined by one-way ANOVA followed by Tukey's multiple comparison tests. Differences with a value of P < 0.05 were considered significant. A statistical software package (Toukei version 2, Esumi, Tokyo, Japan) was used for all statistical analyses.
Results
The growth performance of rainbow trout fed three experimental diets for 4 weeks is shown in Table 4 . There were no significant differences in the body weight, feed conversion efficiency and liver among the three groups. The differences in the phospholipid concentrations of diets did not affect growth performance.
The total lipid and phospholipid concentrations of the fillets at the end of the feeding period were not significantly different (Table 5) . Total lipid fatty acid compositions of the fillets were not significantly different among the three groups (Table 6) .
We evaluated the oxidation stability of these fillets by oxidation test implementation for 3 days. TBARS concentrations of fillets were measured as the extent of lipid oxidation in the fillet before and after the oxidation test. The TBARS concentrations of fillets were not significantly different among the three groups before the oxidation test. Although the TBARS concentrations rose in all groups after the oxidation test, the levels of TBARS were significantly different. The TBARS concentrations in PL-1 and PL-2.5 groups were significantly lower than in the control group after the oxida-
Initial body weight (g) 3.3 ± 0.1 3.3 ± 0.1 3.3 ± 0.1
Final body weight (g) 9.5 ± 0.3 9.4 ± 0.4 9.6 ± 0.4
Feed conversion efficiency (%) Table 4 . Growth and feed performance of rainbow trout after 4-week feeding period. Values are means ± SEM, n =30. No significant differences were observed.
Values are means ± SEM, n = 5. No significant differences were observed.
tion test (Fig. 1) . Similarly, after the oxidation test, the levels of MDA and HAE were significantly different. The MDA and HAE concentrations of PL-1 and PL-2.5 groups were significantly lower than in the control group after the oxidation test (Figs. 2 and 3 ). The total tocopherol concentrations of fillets were not significantly different among the three groups before the oxidation period. The total tocopherol concentrations in all groups were reduced, and there were no significant differences among the three groups after the oxidation test (Fig. 4) .
Discussion
In the fillet of rainbow trout fed on the soybean phospholipid-containing diets, an increase in the TBARS level during the oxidation period was inhibited compared to that in the fillet of rainbow trout fed on the soybean oil-containing diet. Similarly, increases in the syntheses of MDA and HAE were significantly inhibited. These results indicate that the administration of soybean phospholipids improves the storage stability of fish fillet.
TBARS is commonly used as a parameter of lipid oxidation in food (Angelo, 1996) . Ross and Smith (2006) indicated that TBARS should be regarded as a parameter of whole deterioration including lipid oxidation, as it contains nonspecific reactive substances. In this experiment, we measured MDA and HAE, that is, lipid peroxidation in the second stage of lipid oxidation, to accurately evaluate lipid oxidation. In the fillet of fish fed on the soybean phospholipid-containing diets, MDA and HAE syntheses during an oxidation test were significantly inhibited. The lower content of MDA and HAE in the fillets after an oxidation test does not contradict Y. MURANO et al. Table 6 . Fatty acid composition of the fillet at the end of feeding.
a Number of carbon atoms : number of double bonds. No significant differences were observed. Fig. 1 . Effects of dietary phospholipids on thiobarbituric acid reactive substances (TBARS) in fillets of rainbow trout before and after the oxidation test. Values are means ± SEM (n = 10). Letters indicate statistically significant (P < 0.05) differences. the results regarding TBARS. Inhibition of fillet lipid oxidation may be an important factor for the significant inhibition of TBARS. Takamura (2006) indicated that lipid deterioration-derived substances, rather than trimethylamine, caused fish odor. Several studies reported 4-hydroxyhexenal as HAE derived from n-3 PUFA (Beckman et al., 1990; Kuijk et al., 1990) . It is known that such lipid peroxidation in the second stage cause the off-flavor of meat (Angelo, 1996; Guillén and Guzmán, 1998) . In the fillet of fish fed on phospholipids, the synthesis of HAE after storage was low, suggesting that the fish fillet is advantageous in sensory evaluation. Concerning the antioxidant effects of phospholipids in vitro, it is known that the addition of phospholipids to oils and fats is effective. Zambiazi and Przybylski (1998) reported that the addition of 3% or more of phospholipids to vegetable oil was effective. In particular, phosphatidylethanolamine, with a metal-chelating capacity, exhibited potent antioxidant effects. Chen and Nawar (1991) experimentally showed that the antioxidant activity of phospholipids depended on their primary or free amino headgroups. Furthermore, phospholipids synergistically inhibit oxidation in the presence of tocopherol (Zambiazi and Przybylski, 1998) . Judde et al. (2003) reported that soybean-derived phospholipids exhibited synergistic antioxidant effects in the presence of γ-or δ-tocopherol. Takeuchi et al. (1997) indicated that the simultaneous addition of phosphatidylethanolamine and tocopherol synergistically inhibited the oxidation of PUFA. Concerning the in vivo effects of phospholipid administration, several studies have reported that it relieved disorders in lipid metabolism, arteriosclerosis, and liver disease, and that it improved lung, nerve, and brain functions (Koh, 1999; Schneider, 2001; Nagao and Yanagita, 2002; Fujita, 2005) . However, few studies have examined the efficacy of phospholipids orally administered to improve oxidation stability in vivo.
Previously, strategies have been designed to improve the storage stability of meat including livestock animals. Kim et al. (2006) reported that tocopherol administration increased the tocopherol content of chicken, inhibiting an increase in TBARS during the storage period. Yamaguchi and Toyomizu (1984) indicated that the oxidation stability of muscle of lean fish improved when its phospholipid content was high. However, in this experiment, phospholipid administration did not influence the tocopherol nor phospholipid contents of fillet. We consider that the process mechanism have differed from that in the above studies.
The mechanism by which phospholipid administration improved lipid oxidation stability in this study remains to be clarified. Izuquierdo et al. (2000) indicated that ingestion of phospholipids increased lipid transport activity, improving lipid retention in the tissue. According to some studies, ingestion of phospholipids reduced the fat droplets in the enterocytes of the intestine (Fontagné et al., 1998) , and decreased the triacylglycerol concentration in the liver (Ide et al., 1992) . Phospholipid ingestion-related improvement in the state of lipid presence may have contributed to improvement in oxidation stability. In addition, as membrane lipids contain a large amount of phospholipids, their structures and compositions are also important factors influencing the oxidation stability of muscle food (Stanley, 1991) . The structures and compositions of membrane lipids may be related to the mechanism involved in the results of this experiment.
Recent studies have emphasized the nutritional effects of Fish Fillet Stability and Phospholipids n-3 PUFA. In the livestock, some investigators tried to increase the highly unsaturated fatty acid content of livestock animals (Simopoulos, 1999; Murano et al., 2007) . The oxidation stability of muscle food containing a high level of highly unsaturated fatty acids is lower than that of standard muscle food; techniques for improving oxidation stability must be developed. In this experiment, lipid oxidation was inhibited in fish fillet containing a high level of n-3 PUFA, which may be significant. Our procedure may also be applicable in pigs and chickens. Soybean phospholipids are known as co-products in the oil manufacturing industry. However, not all of the production is utilized effectively. Surplus phospholipids that are not utilized despite their extraction are again added to meal, and consumed as meal for brewing or feed (Komoda, 1991; Krawczyk, 1996) . Commercially available phospholipids comprise about one-third of the volume that can be produced; therefore, vegetable sources are not sufficiently utilized (Komoda, 1991) . Considering the above, our findings may be important for promoting the effective utilization of vegetable sources.
Soybean phospholipids used in this experiment consisted of numerous components such as phosphatidylcholine (32.4%), phosphatidylethanolamine (23.8%), phosphatidylinositol (17.2%), and phosphatidic acid content (9.6%). To clarify the mechanism involved in the effects of soybean phospholipid administration, the influence of various phospholipids or their trace components on animals should be investigated.
In this study, we showed that soybean phospholipids improved the storage stability of fish fillet. The inhibitory effects on deterioration were associated with the inhibition of lipid oxidation. These results suggest a novel usage of soybean phospholipids, which may lead to industrial development, including application in other species.
